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PROJECT SUMMARY

Inasmuch as some of the data and experimental results are
currently incomplete, a comprehensive project summary cannot
be written at present. It will be provided as part of the final
version of this report.



NOTICE - SBIR DATA - PHASE 1I

This SBIR data is furnished under NASA Contract No. NAS3-
24546. It is furnished in confidence with the understanding
that it will not, without permission of the contractor, be used
for other than Governmental purposes nor disclosed outside the
Government. This notice shall be affixed to any reproduction of

this data, in whole or in part.

This report/paper contains information which falls under the
purview of the U.S. Munitions List, Section 121.01, International
Traffic in Arms Regulations. It shall not be transferred to
foreign nationals in the U.S., or abroad, without a validated
export license, Penalty for violation is described in ITAR,
Section 127.



PREFACE

This program was performed by Material Concepts, Inc. for
NASA Lewis Research Center under Contract No. NAS3-24546. NASA
Project Manager was Mr. Chi-Ming Lee. Dr. David M. Goddard was
the MCI Principal Investigator for the program, with Mr. Walter
R. Whitman serving as Project Engineer.



1.0 INTRODUCTION

Rotary engines are attractive power sources for general
aviation aircraft because of their potential for high efficiency
and durability, which are a result of the low number of movable
parts, compactness, and extremely high horsepower-to-weight ratio
of these engines. In order to adapt the rotary engine to
aircraft use, it is essential to reduce the weight of such
components as the engine housings, rotors, and crankshaft. One
method of reducing weight is to employ high performance,
lightweight materials. Graphite/magnesium (Gr/Mg) composites,
consisting of continuous graphite fibers in a magnesium alloy
matrix, possess excellent mechanical properties combined with a
very low density. In addition, these materials maintain both
their integrity and their properties at the operating
temperatures encountered in a rotary engine, plus they offer
essentially metallic thermal conductivity.

This Final Report summarizes the results of a Phase II SBIR
program, sponsored by NASA Lewis Reseach Center, on the develop-
ment of cast Gr/Mg rotary engine components. In Phase I, an
intermediate housing was successfully cast; this component had
been selected because it represented a major, but not impossible,
casting challenge. For Phase II, the target component was .
changed to a rotor housing, because it was determined that the
performance requirements of this housing would better demonstrate
the advantageous properties of Gr/Mg castings. The ultimate goal
of this program was the fabrication of a cast Gr/Mg rotor housing
which would perform under the service conditions of an operating
rotary engine.



The
follows:

1.

2,0 TECHNICAL OBJECTIVES

technical objectives of this Phase II effort were as

Fully characterize cast Gr/Mg composite materials with
respect to those physical and mechanical properties which
are pertinent to the performance of a rotary engine
housing.

Use the material properties to determine optimum fiber
contents and orientations for a cast Gr/Mg rotor housing.

Develop the optimum techniques for producing wear-
resistant and chemical-resistant surfaces on cast Gr/Mg.

Develop the technology to produce commercial quality
complex Gr/Mg castings.

Demonstrate the fabrication of a commercial quality cast
Gr/Mg rotor housing, consisting of material which has
been optimized for performance requirements.



3.0 TECHNICAL APPROACH

The technical approach in this research program was designed
to achieve each of the individual technical objectives as
separate and well-defined Tasks.

3.1 TASK 1: CHARACTERIZATION OF CAST Gr/Mg

Three fiber orientations were studied: 0° (unidirectional),
0°/90°, and +45°/-45°. For the two orientations that involve
cross-plying, both equal fiber amounts--20 volume percent (vol
%)--in the two directions and a 30%/10% ratio were studied. All
tests were conducted in both the 0% and the 90° directions except
in cases where the material is equivalent in these two
directions. A total of seven directional material properties
were thus determined for each type of test described below.

Tests were conducted on cast Gr/Mg to determine the following
properties: tensile strength and modulus, compressive strength
and modulus, flexural strength, fatigue, thermal expansion, and
thermal conductivity. Room temperature tensile, compressive, and
flexure (4-point bending) tests were conducted at MCI. Elevated
temperature (300°C) mechanical tests were performed at the Energy
Materials Testing Laboratory (EMTL), Biddeford, ME. EMTL also
performed the thermal expansion and thermal conductivity tests,
in the range of room temperature to 400°C (750°F). The fatigue
tests were conducted at Battelle Memorial Institute's Columbus
Laboratories (BCL), Columbus, OH; these tests studied the zero-
tension-zero behavior of the material and were used to determine
the stress level for infinite (107 cycles) life. Al1 data was
analyzed at MCI to determine reproducibility and predictability
of properties. Where encessary, additional verification tests
were performed.



3.2 TASK 2: MATERIAL DESIGN FOR CAST Gr/Mg ROTOR HOUSING

MCI interfaced with manufacturers and research organizations
knowledegable in rotary engine design and performance
requirements. The purpose of this interfacing was to establish
the appropriate considerations for optimum material performance
in a rotary engine rotor housing. The mechanical properties of
interest had been determined under Task 1.

What was obtained from the rotary engine experts was a “"wish
list" of material properties that would be optimum for service
performance of the housing. This information, together with the
material property data generated under Task 1, was supplied to a
composite materials analysis and design organization. MCI
utilized the services of Material Science Corporation (MSC),
Spring House, PA, for this purpose.

The thrust of the MSC effort was to combine the performance
requirements of the rotary engine rotor housing, the physical and
mechanical properties of cast Gr/Mg, and composites reinforcement
theory to design a material with optimum performance for the
application.

3.3 TASK 3: DEVELOPMENT OF COMPATIBILITY COATINGS FOR Gr/Mg

”

This task involved two areas of conern: one was the wear
resistance of the housing surface in contact with the rotor, and
the other was the chemical compatibility of the material with the
coolants and lubricants used in the rotary engine.

The first area involved the review of a wear resistant
coating on the trochoid surface of the rotor housing. The review
was limited in scope, but was directed toward establishing a
trochoid wear surface capable of withstanding the operational
parameters of the rotary engine.
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Chemical compatibility of Gr/Mg with coolants and lubricants
was another area of concern. The engine coolant used is ethylene
glycol, while the lubricants are paraffin-base and synthetic
oils. Tests performed in this portion of the task involved
submerging cast Gr/Mg, uncoated or coated with various protective
materials, in these liquids and ascertaining if any attack took
place.

3.4 TASK 4: DEVELOPMENT OF COMMMERCIAL QUALITY Gr/Mg CASTINGS

The Phase I effort in this program was very successful,
However, from a commercial standpoint, much remained to be
accomplished in demonstrating that Gr/Mg castings can be produced
which exhibit the same level of soundness and surface finish as
standard magnesium alloy castings.

The specific activities under this task consisted of
utilizing foundry techniques to produce castings which
demonstrated good surface finish and soundness. These castings
were subsize, to facilitate greater experimentation within the
time and financial constraints of this task. However, the
castings were designed to accurately represent portions, or
smaller versions, of the rotor housing; specifically, achieving
full soundness in thick sections was addressed. Exterior surface
finish was assessed by visual observation, while soundness was
evaluated by metallographic methods. The goal of the task was to
establish the technology for producing generic fiber reinforced
castings whose overall quality is equal to that of commercially
cast non-reinforced products.

3.5 TASK 5: FABRICATION OF ROTARY ENGINE ROTOR HOUSING
In this task, the design results of Task 2, the surface
compatibility approach defined by Task 3, and the optimized

casting techniques developed under Task 4 were combined to
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produce a representative commercial-quality cast Gr/Mg rotary
engine rotor housing. This housing was not optimized, as the
physical configuration was a retrofit for a conventional alloy
housing rather than a design specifically modified for composite
materials. However, within this constraint, the Gr/Mg material
itself was optimized for the physical and mechanical performance
requirements of the rotary engine application. The casting was
designed to have optimized surface finish and soundness, with the
soundness being verified by NDE techniques. The appropriate
chemically compatible surfaces were applied to the casting, based
on the Task 3 technology. The wear resistant surface was tested
and specified. In summary, this part was essentially ready for

testing under service conditions.



4,0 RESULTS AND DISCUSSION

For clarity, the results of this program will be discussed by
Task.

4.1 TASK 1: CHARACTERIZATION OF CAST Gr/Mg
4,1.1 Tensile, Compressive, and Flexural Properties

The results of the tensile, compressive, and flexural tests
conducted on samples of cast Gr/Mg flat plates are given in Table
1. A few tests were deleted from the original plan; the deleted
tests, and the reasons for the deletion, are shown in Table 2.

An analysis of the Table 1 results reveals no major or inex-
plicable deviations from anticipated behavior. The tensile
strength of the unidirectional (40% in the 0° direction) fiber
orientation material is lower than that predicted from rule-of-
mixtures theory. However, it is believed that this discrepancy
can be explained by fiber misalignment which occurs during the
procedure involving fiber layup, prepregging with a fugitive
binder, and flattening of the prepreg. Furthermore, it is not
unusual for composite materials to fail to exhibit full theo-
retical properties when tested in bulk form. What is signifi-
cant about the Table 1 data is that it represents by far the most
complete compilation of mechanical property data on cast Gr/Mg.
And, while there are deviations from straight-line behavior as
the fiber content in the test direction increases from 0% to 40%,
the general trend of each property is decidedly upward, as would
be expected (Figures 1 through 5). The fact many of the data
points for the 30% fiber samples fall below the average line is
undoubtedly related to the casting quality of the plates from
which these samples were cut, and is probably irrelevant to the
general property trend. Note that the relationship between fiber
content and tensile modulus is generally good (Figure 3), with
the only significant deviation occurring at the 10% value.
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In general, it is believed that, with more experience in
casting test plates, all strength values will tend to improve;
also, a linear relationship between properties and fiber content
will be shown to exist throughout the.available range of rein-
forcement. For the present program, Table 1 data is adequate as
a baseline for the Task 2 design study, since it provides at
least approximate (and probably conservative) values for the
properties required.

Not surprisingly, Gr/Mg castings maintain their mechanical
properties quite well at elevated temperatures, except in cases
such as the +45°% fiber orientations, where there are no fibers
parallel to the test direction. In these materials, transfer of
the load to the fibers is by shear stresses in the matrix, and
the matrix shear strength is significantly reduced as the test
temperature is increased. It is also apparent, however, that
even the room temperature properties of the 1450 fiber samples
are not especially éttractive, again, because of the necessity of
shear stress transfer through the matrix and the relatively weak
fiber/matrix interfaces. This fact was given strong
consideration in the Task 2 design study, as will be dis- cussed
later. On the positive side, the compressive strength of Gr/Mg
is quite good, even at elevated temperatures, and even per-
pendicular to the primary fiber direction. (Compressive modulus
at elevated temperatures could not be measured using the equip-
ment employed by EMTL). The only exception to this rule is the
1450 fiber samples, because compressive stresses cause shear
failure at the fiber/matrix interfaces.

It is interesting to note that, in a few cases, the strength
of the material appears to be higher at elevated temperatures
than at room temperature. This could have been the result of
higher quality material being tested at elevated temperatures.
On the other hand, misaligned fibers are especially detrimental
to composite strength if they are contained by a high modulus
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matrix. Since the effective modulus of the matrix decreases at
elevated temperatures, the apparent increase in strength could be
real. Of course, this will not happen when the misalignment
problems are solved.

4,1.2 Thermal Properties

The thermal diffusivity/thermal conductivity, specific heat,
and thermal expansion of a variety of cast Gr/Mg materials were
measured at EMTL.

4.1.2.1 Thermal Conductivity

The thermal conductivities were calculated from the measured
thermal diffusivities and the specific heat, the latter being a
material property independent of fiber orientation. In the
procedure employed, thermal diffusivity is measured by a flash
method. A short-duration pulse of thermal energy is absorbed on
one face of a slab specimen and allowed to propagate through the
thickness of the specimen. The thermal response of the opposite
face is monitored as a function of time, and recorded with an
oscilloscope. Thermal diffusivity is then calculated as a
relation of this time function and the specimen thickness. This
measurement method conforms generally to Specification ASTM-C-
714-72, with modifications to permit accurate measurements to.
elevated temperatures.



The'simplified relationship which has been derived to relate
diffusivity with specimen thickness and heat pulse traverse time
is basically:

a = sz
t

where:

thermal diffusivity
specimen thickness

~ R
[]]

t1/2 = time for back-face temperature to reach
one-half its maximum

w = parameter which is a function of heat loss
from the specimen. For the ideal case of
zero heat loss, the value of this para-
meter is 0.139.

More specific to this discussion, the relationship of thermal
conductivity and thermal diffusivity is expressed as:

where:

thermal conductivity

Y=

a = thermal diffusivity
p = material density
Cp= specific heat

Specific heat is derived as the slope of the curve describing
the enthalpy-temperature relationship. Enthalpy is measured with
a Bunsen-type ice calorimeter; sufficient data are recorded so
that the relationship can be well defined. Specific heat is then
derived graphically from the smoothed enthalpy data.
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In the Bunsen ice calorimeter, heat given up from a preheated
'specimen to the well is measured in terms of a volume change in a
closed water-ice chamber in equilibrium at 0°C. The heat melts
some of the ice in the chamber, causing a net change in the
water-ice volume. To measure this change, mercury is used as the
volume transfer agent; a reservoir of mercury in the bottom of
the well is connected to an external accounting system such that
small volume changes can be related to weight changes in the
mercury volume. The heat equivalent for mercury in this system
has been determined by the National Bureau of Standards and other
laboratories to be 270.48 joules per gram. This is.the constant
of the measuring method, and should not vary among Bunsen ice
calorimeters. It is a function of the volume change of ice melt-
ing to water and the heat of fusion involved in the change of
state. All heat transfer is measured at the ice point; there is
no need to measure temperatures in the calorimeter.

The specific heat of cast Gr/Mg containing 40 volume % fiber,
as a function of temperature, is shown in Figure 6. The thermal
conductivities of a variety of Gr/Mg materials (different combi-
nations of various fiber orientations, tested in various direc-
tions) are shown in Figures 7 through 10. Several important
facts are apparent from these figures. First, the increasing
thermal conductivity with increasing temperatures is evidently a
matrix phenomenon, since the alloy (AZ91) exhibits similar
behavior. Second, the thermal conductivities of composites are
generally lower than that of the matrix, which ranges from ap-
proximately 0.6 to 1 watts cm'lc'l, depending on temperature.

The reason for this can be deduced from Figures 7 and 10.
Although these curves are not identical, in theory they should
be: in both cases, all fibers are oriented perpendicular to the
direction of measured conductivity. From a material fabrication
standpoint, the material in Figure 7 contains successive planes
of fibers oriented in two orthogonal directions, but the planes
of both the 0° and the 90° fibers are perpendicular to the heat
pulse direction of travel. 1In Figure 10, the heat pu]se traveled
-11-



parallel to the planes of fibers, but the fibers in all planes
were oriented perpendicular to the travel direction. It seems
probable that something in the processing sequence created enough
difference between these two situations to account for the
difference between Figures 7 and 10, Regardless of this
discrepancy,-it is clear that the thermal conductivity of Gr/Mg,
perpendicular to the fibers, is in the approximate range of 0.1
to 0.2 watts cm~! ¢~l.

This fact has some important implications for designing Gr/Mg
materials for circumstances under which thermal conductivity is a
primary concern. Although the transverse thermal conductivity of ~
the fibers is not known, simplistic reasoning would suggest that
the conductivity of a Gr/Mg material containing 40 volume %
fiber, in a direction perpendicular to the fibers, would be 60
percent of the matrix conductivity plus 40 percent of the
transverse fiber conductivity. This is clearly not the case. 1In
fact, to a first approximation, it appears that the thermal
conductivity of any portion of the composite which does not
contain fibers parallel to the measurement direction, but which
does contain any significant amount of perpendicular fibers,
falls in the 0.1 to 0.2 watts cm~ ! ¢-1 range. In other words,

Co = CeVyp + Co(1-Ve)
where CC = directional conductivity of the .
composite

C¢ = longitudinal conductivity of the
fibers

V¢ = volume fraction of fibers oriented in
conductivity direction

Ci = conductivity of bulk material
containing transverse fibers

= 0.1 to 0.2 watts cm

(approximately)

-1 0
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Thus, even though C. = 1 for P55 fibers and the matrix thermal
conductivity is approximately 0.8, Figure 9 shows that, for a
0%/90° valanced cross-ply, the 0% direction conductivity is

¢, = (1)(.2) + (0.15)(.8) = 0.32

which is the approximate value shown in the Figure. The thermal
conductivity would undoubtedly be higher if a higher modulus
fiber were used. For example, the same configuration using P100

fiber (Cf = 5.2 watts em™! ¢71) would yield:

1 -1

CC = (5.2)(.2) + (.15)(.8) = 1.16 watts cm ~ C
or a higher thermal conductivity than the matrix alone.
Unfortunately, the 0° fiber orientaion sample, tested in the 0°
direction, was cracked, and the results were therefore invalid;
experimental difficulties in preparing samples for this test
precluded fabricating a replacement. However, it seems
reasonable to assume that if there are no fibers oriented
perpendicular to the direction of heat travel, the matrix
conductivity will become fully effective, and therefore:

C. = C.V

c + € (1-Ve)

£
where Cm is the matrix conductivity (approximately 0.7 watts cm’
C'l). Unfortunately, the Table 1 data shows that the transverse
strength of a unidirectionally reinforced Gr/Mg composite is not
sufficient for most structural applications. Therefore, for
portions of a structure where thermal conductivity in one
particular direction is especially important, the best compromise
might be to use the minimum transverse fiber content neccesary to
maintain structural integrity, together with the maximum content
of high conductivity (high modulus) fibers in the critical
direction. This approach is certainly feasible for rotary engine
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housings. It was not attempted on this program, partly because
the confirming property data was not available, and partly
because the incorporation of the high modulus fibers into an
already complex fiber layup was felt to be beyond the scope of
what could be reasonably accomplished.

4.1.2.2 Thermal Expansion

The method employed to measure thermal expansion is
frequently identified as the quartz (fused silica) recording
dilatometer. In this procedure, illustrated schematically in
Figure B-1, the specimen is supported between members of a quartz’
frame and push-rod assembly. The assembly is inserted into a
furnace capable of uniformly heating the specimen zone. As the
specimen temperature is changed, changes in its length dimension
result in relative displacement of the quartz push-rod and frame
assembly. The amount of displacement is sensed by a linear
variable differential transformer and recorded on one scale of an
X-Y plotter. Specimen temperature, sensed by a thermocouple, is
recorded on the other scale. Thus, a continuous record of
dilation versus temperature is produced.

The thermal expansion behavior of the various Gr/Mg materials
studied is shown in Figures 11 through 15. Table 3 lists the
coefficient of thermal expansion (CTE) over various temperature
ranges. Three facts are obvious from this data. First, the
thermal expansion of Gr/Mg is much lower than that of
conventional alloys. Second, the CTE becomes lower (and often
even negative) as the temperature increases. Third, there is a
hysteresis loop between the heating and cooling portions of the
expansion curve.

When a composite material containing unidirectionaly aligned
fibers is heated, the theoretical CTE is defined by the equation:
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C(CTEQ(Eg)(Vg) + (CTEL)(E,) (1-V,)

CTE

where CTE. = CTE of composite
CTEf = CTE of fiber
CTEm = CTE of matrix

Ef,Em= Elastic moduli of fiber and matrix
Vf = Volume fraction fiber

For P55 fibers in an AZ91 matrix,

CTE. = -0.5 PpPM/OF
CTE, = 14 PPM/°F
Ef = 55 msi
Em = 6.5 msi

It seems reasonable to assume that, for a material containing
0°/90° cross-plied fibers, the effective matrix modulus is the
modulus of the material containing transverse fibers; from Table
1, this value is 3.4 msi at room temperature. The CTE of this
matrix should be close to 14 PPM/PF, as seen in Figures 12 and 13
and Table 3. Using these numbers, the CTE values for Gr/Mg -,
composites containing 10, 20, 30, and 40 volume percent fibers in
the test direction (40 volume percent fibers total, the balance
being in the transverse direction) are calculated to be,
respectively, 4.7, 2.4, 1.3, and 1.7 PPM/®F. The fact that the
calculated CTE for 30% fibers is lower than that for 40% fibers
is related to the assumption used for matrix modulus; it is,
undoubtedly, not correct to assume this modulus drop from 6.5 to
3.4 msi with the addition of only a few transverse fibers. In
spite of this simplification, it can be seen that the agreement
with experimental results is reasonably good up to 400°F. Above
this temperature, other factors become dominant.

-156-



The reason for the low CTE in Gr/Mg is, of course, the
negative CTE and relatively high modulus of the fibers. As the
material is heated, the fibers attempt to contract in length,
while the matrix attempts to expand. The two components therefore
exert stresses on each other (tensile stress on the fibers and
compressive stresses on the matrix during heating). The balance
of these stresses determines the CTE, as shown in the equation.
However, the use of the matrix modulus is valid only until the
yield strength of the matrix (compressive, on heating) is
reached. Further heating not only increases the contraction
stress exerted by the fiber, but the matrix, having yielded, is
less able to resist this stress, so the CTE becomes lower. Note
in Figure 11 that the CTE of all materials appears to become
negative above approximately 300°C (575°F). This is an
interesting result which, to the author's knowledge, has not
previously been documented. Gr/Mg composites have been designed
to achieve a zero CTE under certain conditions, primarily in a
space environment. However, these materials generally contain
much higher modulus fibers, and the temperature range over which
the CTE has been measured has been typically -250 to +250°F.
Quite probably, the CTE of these materials would become very
negative at the temperatures encountered in a rotary engine

housing.

Returning to the CTE studies in this program: after the
maximum test temperature has been reached and the specimen begins
to cool, the fibers now exert a tensile stress on the matrix.
Until the matrix tensile yield stress is reached, the matrix
modulus again becomes effective in resisting the fiber induced
stresses. Therefore, initial contraction is greater than the
final expansion on heating, resulting in hysteresis. Note that
all composite cooling curves exhibit a lower expansion, at a
given temperature, than the corresponding heating curves. Final
cooling to room temperature is an asymptotic process, and
therefore impractical under the experimental conditions.
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However, all cooling curves appear to be heading towards
approximately zero net expansion at room temperature. One sample
was indeed re-heated, and the expansion curve that was generated
closely followed the original heating curve; therefore, any
concerns about "ratcheting" (cumulative permanent changes in
length after several thermal cycles) appear to be unwarranted.
Furthermore, these CTE tests were conducted under unrestrained
conditions. In a rotary engine, a Gr/Mg housing would be
restrained by, and exert restraint upon, surrounding housings.
Since the rotor housing is the hot housing, a low CTE Gr/Mg rotor
housing would exert less stress (than would a conventional rotor
housing) on the adjoining cooler housings during operation, and
also have a lower stress exerted on it because its expansion
tendency is less. After shut-down, the dimensional constraints
imposed by the adjoining housings would ensure that the rotor

housing maintain its original dimensions.
4.1.3 Fatigue Properties

Ambient and elevated temperature fatique testing was
conducted at Battelle. Initially, the cast Gr/Mg fatigue samples
were of the configuration shown in Figure 16. This sample design
had reportely been used successfully for various types of
mechanical tests on other composite materials. 1In the first few
tests at Battelle, however, the Gr/Mg samples failed at -
unexpectedly low combinations of stress and fatigue cycles.
Samples of this configuration were therefore tensile tested at
MCI, and these results, too, were poor, with ultimate strengths
much lower than had been measured using straight sided test
samples. In view of this result, the fatigue samples were
remachined into a straight sided configuration, 0.5 in. wide x 6
in. long; adhesively bonded tabs were attached at the grip ends.
The first fatigue tests using this new sample design duplicated
the conditions of the earlier tests, and it was found that the
indicated fatigue behavior was indeed much improved.
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The fatigue tests are currently in progress. Full results
will be documented in the final version of this report.

4.2 Task 2: Material Design for Cast Gr/Mg Rotor Housing

The material design studies were performed at Materials
Sciences Corporation. The complete MSC report, in viewgraph
format, is included in the Appendix. In summary, MSC
statistically analyied the mechanical and thermal property data
for the Gr/Mg castings and deduced typical properties as a
function of fiber orientation. Simplified one dimensional heat
transfer analyses were performed at various crank angles in the
rotor housing, in order to obtain estimates of wall temperatures.
Two dimensional finite element analyses of the rotor housing were
performed for internal pressure and temperature loads. Two
different Gr/Mg fiber configurations were analyzed and compared
to the baseline aluminum design, and the maximum allowable
stresses determined from the Task 1 test program were used to
assess housing structural integrity.

MSC found generally good correlation between the material
test data and predicted properties, although considerable scatter
existed primarily in the compression data. Thermal analysis
indicated that the temperature which the material must withstand
during rotor housing operation will be in the 400°F range. Under
these conditions, MSC determined that a simple 0°2/90° cross-ply
fiber layup would not withstand the shear stresses encountered in
the housing. However, a 0%/ 45%/90° fiber layup, while
sacrificing some bi-directional tensile and compressive strength
and modulus, has a better balance of properties and is much
better suited for the design loads. MSC concluded that the 0%/
1450/900 P55/Mg material constitutes a viable fiber configura-
tion under rotor housing operating conditions, although post pro-
cessing heat treatment to reduce residual stresses was
recommended.
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It should be noted that MSC's analysis was performed under
the constraint that three-dimensional fiber orientations (X-Y
plane plus Z axis) are not currently feasible in Gr/Mg
composites. Thus, the originally proposed fiber orientation
(Figure 17) was not selected. 1In this figure, let us refer to
the plane of the sketch as the X-Y plane, with the Y direction
vertical. If the indicated “circumferential" fibers had been
used, any "cross-ply" fibers would have had an orientation
component in the Z direction (normal to the plane of the sketch).
Therefore, because of the three-dimensional restriction,
additional fibers orienfed in various directions in the X-Y plane.
would not have been possible. Only the "circumferential" fibers
shown would be in the X-Y plane; "radial" fibers (normal at all
points to the "circumferential" fibers and lying in the X-Y
plane) would be geometrically disadvantageous, because the area
being reinforced increases with increasing distance from the
housing centerline and would be extremely difficult from a fiber
layup standpoint.

MSC's analysis revealed that the reinforcement of a variety
of directions in the X-Y plane was much more important than
reinforcement in the Z direction. This seems logical, since the
Z direction stresses appear to be primarily compressive; and the
Table 1 data indicates that the compressive strength of cast -
Gr/Mg perpendicular to all fibers is nearly 20 ksi at 575°F,
which should be adequate for the housing. In fact, although MCI
had openly speculated that the Figure 17 fiber orientation would
be selected as optimum, we had an unvoiced concern that an "onion
skin" effect could be created during thermal cycling, with layers
of circumferentially reinforced material delaminating from one
another because of the poor tensile properties normal to the
fibers. The X-Y plane 0°/145°/90° orientation selected by MSC
alleviates this problem. It might also be noted that the
selected configuration is probably much easier to achieve in
fabrication than the circumferential orientation would have been.
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4.3 TASK 3: DEVELOPMENT OF COMPATIBILITY CASTINGS FOR Gr/Mg
4.3.1 Wear Resistant Coatings

After considerable discussion with cognizant personnel at
both NASA Lewis Research Center and the John Deere Rotary Engine
group, two wear resistant coatings were selected for study in
this program to determine their suitability for the trochoid
surface of the rotor housing. A number of spray-coating
processes have been used to apply wear-resistant coatings to the
trochoid surfaces of conventional rotor housings. The most
effective process has been the Union Carbide Detonation-Gun
(D-Gun) process using tungsten carbide in a cobalt matrix (87%/
13%). Therefore, this coating was selected as the "standard"
coating for this program; specifically, the coating was defined
as UCAR LW-In30, 2 to 4 mils thick. Two Gr/Mg samples were
coated in this manner. The coating on the first'sample did not
appear to be smooth or well bonded, but the second sample was
satisfactory. This sample was therefore machined into three
properly configured specimens for wear testing; the preparation
included polishing of the coated surface to a 2-5 RMS finish.

Based on discussions with NASA, it was decided to include a
wear resistant coating in this program which might also serve-as
a thermal barrier during engine operation. The coating selected
was a two-layer coating consisting of 4-6 mils of UCAR LCO-35
(CoNiCrAlY) and 20-25 mils of UCAR LZ-8 (Zr02Y203), applied by
Union Carbide using a plasma spraying process. Two samples of
Gr/Mg were coated in this fashion, and both appeared to exhibit
excellent adhesion between the coating and the substrate. From
one of these samples, three wear test specimens were prepared as
previously described. Not surprisingly, polishing of these
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samples to the proper surface finish was easier because of the
extra coating thickness. With the D-Gun applied material,
breaking through the coating and exposing the substrate occurred
in several places, although the wear test specimens appeared to
be free of such defects.

Other approaches studied in this task included the incorpora-
tion of discontinuous glass or ceramic (oxide) fibers within the
Gr/Mg casting and the imbedding of ceramic tiles in the composite
as part of the coating process. It was found that the fibers, as
well as a silicon carbide tile, could be successfully
incorporated in, and thereby bonded to, the Gr/Mg casting, which
indicates that the materials were wetted by the molten magnesium
alloy. An attempt to incorporate silicon nitride tiles was
unsuccessful, however, because wetting did not occur. None of
these approaches was pursued to the wear testing stage, because
the more fully developed coating processes appeared to be
satisfactory.

The wear test specimens were supplied to the John Deere
Rotary Engine group for testing. The results of these tests are
not yet available; they will be included in the final version of
this report.

4.3.2 Chemical Compatibility .

Samples of cast Gr/Mg composite were submerged in baths of
deionized water, 50%/50% by volume ethylene glycol and deionized
water, and 100% 2 cycle AMS/o0il; tests were conducted at both
ambient temperature and 200°F and in both static and agitated
baths, in an attempt to simulate the environment in various
portions of an operating rotor housing. The composite matrix
alloy used in most of the samples for this study, and in all
later portions of this program, was the newly developed and more
corrosion resistant AZ91D. This is basically the same alloy as
the previously employed AZ91C, except with closer controls over
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impurity content. Initially, all composite corrosion samples
were uncoated, in order to determine the behavior of the basic
material. The samples were examined after every 24 hours of bath
exposure to determine the extent of degradation.

It was found that the agitated solutions provided the best
evidence of corrosive attack on the samples. In a room tempera-
ture/agitated bath of 100% deionized water, the specimen had
undergone a significant amount of attack after 10 days of
exposure, The specimen immérsed in the 50%/50% by volume test of
ethylene glycol and deionized water showed limited degradation
after 10 days in solution. 1In the samples, the areas where a
lack of fiber infiltration was present were those that showed
some degradation. The 100% 2 cycle AMS/o0il solution test
showed no degradation ' after 10 days. An interesting fact was
noted with this specimen: after the test was completed, it
retained a surface film of oil even after three alcohol washes
and 180°C thermal cycles. The same specimen was then placed in
the 100% deionized water bath for 10 days and showed limited
degradation. This result raises the possibility of oil
impregnation of the material as a possible means of corrosion
protection. It also supports the previous evidence that
uninfiltrated fiber areas are sites of increased corrosion
attack. O0il would tend to fill these void areas and prevent the
corroding medium from reaching the material surface. O0f course,
the best solution to the problem would be to eliminate the
uninfiltrated areas. While this effort received major attention
under Task 4, it is doubtful if any composite material can be
produced which is initially 100% void-free. Possibly, hot
isostatic pressing would eliminate most of the voids, but even
this approach might not be entirely satisfactory with continuous
fiber reinforcement, because of the difficulty of causing fiber
movement.
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Because of the poor performance of the material in the room
temperature deionized water tests, elevated temperature (200°F)/
agitated solution tests were conducted on coated samples. In-
itially, two coatings were studied. One coating consisted of arc
~sprayed magnesium alloy; this approach was intended to cover any
exposed fibers, so the composite would behave as a standard un-
reinforced alloy. The second coating was "Clevcoat", a material
developed and provided by Imperial Clevite of Cleveland, Ohio.
The high temperature tests resulted in severe degradation of the
samples for both coatings studied. The least attack occurred in
the o0il immersion tests and the most severe occurred during the
water immersion tests.

One final coating, polymethyl methacrylate, was studied for
the high temperature/agitated 100% deionized water test only,
since this had proven to be the most severely corrosive environ-
ment of those investigated. A Gr/Mg sample coated with this
material showed limited degradation after 10 days' exposure under
these conditions. It is believed that polymethyl methacrylate,
which is applied as a solution in an organic solvent and dries to
a semi-viscous solid, acts much like the o0il in that it pene-
trates and coats all void areas, and does not become brittle or
flakey after drying. Thus, while superior coating materials
might exist, polymethyl methacrylate was selected as the most
promising coating material identified in this program. .

4.4 TASK 4: DEVELOPMENT OF COMMERCIAL QUALITY CASTINGS

Although this effort was identified as a separate task, in
actual fact it supported the work in Tasks 1 and 3 as well,
Specifically, in order for the mechanical and thermal property
tests to be valid, they had to be conducted on material of a
quality which was representative of that to be found in the
ultimate rotor housing. The need for minimization of voids,
especially surface voids, in the corrosion tests has already been
mentioned. Perhaps the greatest challenge of this task was the
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satisfactory and repeatable casting of the flat plates from which
all test samples were cut. This turned out to be much more
difficult than had been anticipated, for numerous reasons.

First, it was decided that a fiber content of 40 volume percent
would be achieved in all material, in order to optimize pro-
perties. This is significantly higher than the 30 volume percent
fiber present in the Phase I intermediate housing casting, and
the tighter fiber packing makes metal infiltration more
difficult. In order to improve infiltration, it is desirable to
retard metal solidification, thereby allowing more time for
penetration of the fiber groups. Solidification can usually be
retarded by increasing the mold preheat temperature, the melt
pouring temperature, or both. Unfortunately, when investment
casting is used (as it was exclusively in this program) with
magnesium, great caution must be exercised, because magnesium can
react violently with the plaster of the investment mold; and
higher temperatures promote this reaction. If one is fortunate,
the reaction will only produce a roughened surface on the
casting. Increasing degrees of reaction, however, can cause
burning molten magnesium to be rejected upward from the mold
sprue, volcano-like, while additional superheated magnesium
breaches the mold walls, literally melts the supporting steel
can, and pours uncontrolled onto the floor where it can be
conclusively proven to have a corrosive effect on concrete!

The solution to this problem lies in carefully controlling
the maximum mold and melt temperatures. Improved metal feeding
through the fibers is then achieved only by decreasing the
spacing of the ingates, which connect the various metal feeding
runners to thevcasting cavity. Increasing the size of runners is
also helpful. However, more ingates means more required machin-
ing of the casting, and more chances for fiber misalignment at
these points because of the lack of restraint. Larger runners
mean more metal must be poured for the same size casting, and
more scrap generally results. It was found that the most
difficult casting to produce was a long, thin plate, such as the
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12 in. long x 0.080 in. thick plates cast for the fatigue
samples. It is indeed ironic that, after all the effort expended
on making and remaking these plates, the fatigue samples were
changed to a 6-inch length, as previously described. Thicker
castings were actually easier to make, for a given length and
width, than thinner ones, probably because the incoming molten
metal did not have to undergo such an abrupt directional change
to fill the distances between the ingates.

In spite of the difficulties, the casting problems were
eventually solved. Not only did violent reactions become rare,
but the casting surfaces exhibited a reproducible and commen-
dable 125 rms as cast finish. After all the required 0.080 in.
thick test plates were produced, effort was directed at increas-
ing the casting thickness. The goal was to cast a plate 1.28 in.
thick, since this would exceed the maximum feeding thickness
required in the rotor housing. This goal was successfully
achieved; although the attempted casting thickness was increased
in increments (0.240, 0.640, 0.960, and finally 1.28 in.), no
problems were encountered. It must be emphasized, however, that
this success was achieved only after the effects of the various
casting parameters had been fully researched and understood dur-
ing the lengthy production of the plates for the Task 1 test
samples.

One of the original Task 4 objectives had been the develop-
ment of suitable nondestructive evaluation (NDE) techniques for
Gr/Mg castings. Indeed, appreciable effort was spent identify-
ing and considering suitable methods, which included conventional
radiography, ultrasonic scan, ultrasonic modulus, real-time
microfocus radiography, and computerized tomography. Unfor-
tunately, most of these methods rely on a comparison of the
results with the results on a "standard" sample of the material.
As discussed above, it required a great deal of development time,
and many destructive tests performed under Task 1, before it was
possible to define a standard for Gr/Mg castings. Even then, the
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problems of inspecting thicker sections or complex shapes had to
await the successful casting of these variations before they
could be addressed. By this time in the program, the more impor-
tant objective was determined to be the casting of the rotor
housing. It is still planned to evaluate this housing non-
destructively by some basic techniques such as ultrasonic modulus
determination and radiography. However, a more complete NDE
technique development will have to be conducted in a future
program, when the material development challenges are not as
great. A description of any NDE tests employed on the rotor
housing will be included in the final version of this report.

4.5 TASK 5: FABRICATION OF THE ROTARY ENGINE ROTOR HOUSING

The optimum fiber configuration for the rotor housing, as
defined by the Task 2 results, was a balanced 00/i450/900 Tayup.
The fabrication approach employed started with isolating the
various structural components of the housing (Figure 18) into
regions with similar cross-sectional areas. The graphite fibers
were coated with MCI's proprietary wettable coating, drum wound
to the required width, treated with a fugitive binder, cut into
appropriate lengths, flattened, and stacked in the proper orien-
tation for each structural component. These components were then
pressed and assembled, and the entire fiber group was given a
final pressing to achieve the 40 volume percent packing density.
Next, because the binder rigidized the fibers, this assembly was
machined into the final rotor housing configuration. 1In effect,
a graphite/organic composite rotor housing was produced (Figure
19).
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The details of the metal feeding system for casting were
designed, based on technology developed under Task 4. These
details were added to the fiber preform in the form of wax
strips, which is standard investment casting practice. The
resulting waxed preform was invested (covered with plaster), and
the wax and fugitive binder were removed as part of the mold
baking process.

Two rotor housings were cast. The only structural difference
between the two was that the first contained only 0°/90°
orientation fibers, while the second contained the 145o fibers as
well. The results of these castings will be discussed in the
final version of this report.
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CENTER COORDINATES FOR 0.500" TOOL _ !
(ONE QUARTER SEGMENT) EZ

‘_'”.X- in. Y, in.

0.000 0.266

0.250 0.266

0.375 0.266

0.500 0.267

0.750 0.270

1.000 0.274 12.0"

1.250 0.281

1.500 0.293

1.704 0.305

1.895 0.320
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2.545 0.378

2.796 0.400 y ——F+1{—Y
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6.000 0.500
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FIGURE 16. ORIGINAL FATIGUE SPECIMEN CONFIGURATION
B (*AMMRC Streamline Specimen")




FIGURE 17. ORIGINALLY PROPOSED PLACEMENT OF FIBERS
(DARK LINES) IN CAST Gr/Mg ROTOR HOUSING
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FIGURE 19. ROTOR HOUSING FIBER PREFORM
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TABLE 1

MEASURED AVERAGE MECHANICAL PROPERTIES OF PSS/AZ91 Cr/Mg CASTINGS

Fiber Content Test Ultimate Modulus
(Vol X) Type Direction Temp Strength (HSI)
0% +45° -45° 90° (°F) (KS1)

40 -~ -- - Tension o° RT 68.3 21.8
90° RT 3.9 3.4
oo 750 69.4 20.3
Compression 0° RT 69.7 17.0
90° RT 36.7 2.5

0° 575 53.8 *

90° 575 19.5 *
Flexure 0° RT 75.0 24.3

0° 575 89.1 *
30 - - 10 Tension 0° RT 35.7 16.5
90° RT 15.0 5.6
0° 750 21.8 10.0
90° 750 17.0 4.7
Compression 0° RT 47.3 15.7
90° RT 33.4 4.8

0° 750 30.9 *

90° 750 19.0 *
Flexure 0° RT 49.¢8 14.6
90° RT 25.1 3.7
20 - -- 20 Tension 0° RT 36.9 12.8
0° 750 40.8 9.3
Compression 0° RT 43.1 9.4

0° 750 14.6 *
Flexure 0° RT 58.1 10.6

0° 750 39.6 Tk
- 30 10 - Tension 0° RT 9.2 4.6
0° 750 3 1.7
Compression o° RT 15.4 3.9

0° 750 6.7 *
Flexure o° RT 21.4 4.5
- 20 20 — Tension 0° RT 11.4 - 4.3
0° 750 2.6 2.4
Compression 0° RT 16.7 5.0

o° 750 6.0 *
Flexure o° RT 24.3 5.2

NOTES: 1. Tensile Specification — ASTM D 3552-77(A82)

2.
3.

*

Compressive Specification — ASTM D 3410-75
Flexure Specification — ASTM D 790-82

Elevated Temperature Properties Unavailable




5.

6.

ABLE 2.

Deleted Tests

Q

40% in 0° direction, 90° test,
7500F tensile
40% io 0° direction, 90° test,

RT & 750°F flexure

0/90, 30%/10%Z, 0 and 90° 750°F

flexure

0/90, 20%/20%, all 90° tests

+45%, 30%Z/10% and 20%Z/20%,

all 90o tests

+45%, 30%/10% and 20%/20%,
750°F flexure

ELETED MECHANICAL TESTS AND THEIR JUSTIFICATIONS

Justification

1. Property too poor to

measure

2. See Justification #1

3. MSC indicated high
temp. flexure data not

needed for design

4. Should be equivalent to
0° properties (con-

firmed by a few tests)

S. See Justification #4

v

6. See Justification #3




Z Fiber in
Test Direction

40

30

10

0

Aluminum
(Calculated)

Steel
(Calculated)

" TABLE 3

THERMAL EXPANSION DATA
FOR Gr/Mg CASTINGS

(P55/AZ91C)
Temp. Range, CTg, Thermal
oF PPM/F Expansion,?
RT to 400 1.3 0.04
400 to 750 0.0 0.00
RT to 750 (av.) 0.6 0.04
RT to 400 2.5 0.08
400 to 7590 0.4 0.901
RT to 750 (av.) 1.4 0.09
RT to 400 4.9 0.15
400 to 750 0.5 ' 0.02
RT to 750 (av.) 2.6 0.17
RT to 750 (av.) 14 .4 0.97
RT to 409 13 9.41
RT to 759 0.88
RT to 400 7 0.22
RT to 750 0.47
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ALUMINUM HOUSING UNDER TEMPERATURE AHD PRESSURE LOADS
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MAX: 29.8
MIN: -24.8
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Note: Stresses are in ksi



ALUMINUM HOUSING UNDER TEMPERATURE AND PRESSURE LOADS
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0/90 P55/MG HOUSING UNDER PRESSURE LOADS ONLY
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0/90 P55/MG HOUSING UNDER PRESSURE LOADS ONLY
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-0/S0 P55/MG HOUSING WITH PRESSURE LOADS ONLY
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THERMAL EXPANSION COEFFICIENTS OF 07/307 P55/MG (V.=0.4) COMPOSITES

21

181

Coefficient of Thermal Expansion, 10-6/°F
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THERMAL EXPANSION COEFFICIENTS OF 077507 P55/MG (V.=0.4) COMPOSITES

Coefficient of Thermal Expansion, 10-6/°F
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THERMAL CONDUCTIVITIES OF 0° P55/AZ91C COMPOSITES
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40
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20
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Thermal Conductivity, BTU-ft/(hr)(ft)a°F)
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VARIATION OF THERMAL CONDUCTIVITIES OF VARIOUS

P55/MG LAMINATES WITH VOLUME FRACTIONS
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ALUMINUM HOUSING UMDER PRESSURE LOAD ONLY

SIGX

MAX: 10.3
MIN: 9.4

o
Tt

)

Note: Stresses are in ksi



ALUMINUM HOUSING UNDER PRESSURE LOADS ONLY

SIGY
MAX: 12.0
MIN: -9.2
)
- .
0




|
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1A

ALUMINUM HOUSING UNDER PRESSURE LOADS ONLY

TAUXY

MAX: 4.9
MIN:-8.7

< -

ow PN o

Note: Stresses are in ksi ? ,))5 ®



ALUMINUM HOUSING UNDER TEMPERATURE AND PRESSURE LOADS
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MAX: 16.0
MIN: -7.8
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Note: Stresses are in };si -TL_LTSC0




T
@/50 P55/MG HOUSING UNDER TEMPERATURE AND PRESSURE LOADS

SIGX
1 MAX: 5.8
i MIN: -7.3
4 o
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2 vV
o » .
0
2 .
y) 0
4 4 " q
(o) v
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o

4 : 4

Note: Stresses are in ksi __‘%Scc



0/90 P55/MG HOUSING UNDER TEMPERATURE AND PRESSURE LOADS
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MAX: 14.2
o MIN: -6.3
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b 3 9
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Note: Stresses are in ksi W ,,,_EC@



0/90 PS5/MG HOUSING UNDER TEMPERATURE AND PRESSURE LOADS

TAUXY
_ MAX: 3.4
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Note: Stresses are in ksi 7 ,,)SCO



0/£45/90 P55/MG HOUSING WITH PRESSURE LOADS ONLY
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Note: Stresses are in Ksi
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0/245/90 P55/MG HOUSING WITH PRESSURE LOADS ONLY
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MAX: 9.3
MIN: -6.2
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Note: Stresses are in Rsi
'ﬁ7ﬁ75£ ®




0/t45/90 PS5/MG HOUSING WITH PRESSURE LOADS ONLY

o

-5 fo)

(0]
Q .
Note: Stresses are in ksi
W 7] A= SR



0/+45/99 P55/iG HOUSING UNDER TEMPERATURE AND PRESSURE LOADS

| —_—

[

| ]

) v |
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4
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Note; Stresses are in .ksi l=’75£
-‘— o
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0/£45/90 P55/MG HOUSING UNDER TEMPERATURE AND PRESSURE LOADS

SIGY
MAX : 13.3
O MIN: -7.1
o)
i
0
” 3

0 . o : .
Note: Stresses are in ksi SC@



0/£45/90 P55/MG HOUSING UMDER TEMPERATURE AND PRESSURE LOADS

0

Note:

TAUXY
MAX: 4.3
—0 MIN: -=-7.7
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0 ’///% e
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Stresses are in ksi
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